Background. The epidemiology of the colonization of infants with antimicrobial-resistant Gram-negative bacilli (GNB) at discharge from the neonatal intensive care unit (NICU) is not well understood.
INTRODUCTION
Infants in the neonatal intensive care unit (NICU) frequently receive antimicrobial agents for suspected or confirmed infections and as perioperative prophylaxis. Overall antimicrobial use and the use of broad-spectrum cephalosporin and carbapenem agents have been shown to be associated with colonization and/ or infections caused by antimicrobial-resistant Gram-negative bacilli (GNB) [1, 2] . When compared with healthy term infants, colonization of the gastrointestinal (GI) tract of infants in the NICU is delayed, and pathogenic GNB are more common.
These differences are likely results of multiple factors, including prematurity, contact with healthcare personnel, use of parenteral nutrition, and exposure to broad-spectrum antimicrobial agents [3] [4] [5] . Furthermore, GNB that colonize the GI tract have been identified as the source of subsequent bloodstream infections [6, 7] . However, little is known about the epidemiology of the colonization of infants with antimicrobial-resistant GNB at NICU discharge [8] [9] [10] .
The objectives of this multicenter study were to examine the rates of GI tract colonization with GNB resistant to selected agents, to determine risk factors associated with colonization, and to assess the concordance of previous healthcare-associated infections (HAIs) caused by antimicrobial-resistant GNB with colonization at NICU discharge. We hypothesized that selective pressure caused by prolonged antimicrobial treatment with broad-spectrum agents would be associated with colonization at NICU discharge with GNB resistant to gentamicin, third/ fourth-generation cephalosporin agents, and/or the carbapenem agent meropenem.
MATERIALS AND METHODS

Study Design, Study Sites, and Eligible Infants
This substudy was part of a larger prospective multicenter research study, "Improving Antimicrobial Prescribing Practices in the Neonatal Intensive Care Unit, " performed from May 2009 to April 2012. The study sites included 4 academically affiliated level III NICUs with 247 beds (50-75 per site) and approximately 4500 annual discharges (830-1400 per site). The NICUs were a combination of 2-to 3-bed pods, open units of 8 to 12 beds, and single isolation rooms. Three of the study sites (sites 1, 2, and 4) used vancomycin and gentamicin for empiric therapy for late-onset sepsis, and 1 site (site 3) used vancomycin and cefepime. Site 3 routinely performed chlorhexidine gluconate (CHG) bathing, and sites 1, 2, and 4 used CHG bathing selectively on infants who weighed >1500 g to decolonize them of methicillin-resistant Staphylococcus aureus. Information on the use of CHG was not collected for individual infants in the study. The institutional review board at each participating center approved this study and waived the requirement for documentation of written informed consent. The parents of eligible infants were provided with an information sheet that described the purpose of the study and were given the option to contact the study team to opt out of the substudy.
For this substudy, eligible infants (1) were admitted to a study NICU at <7 days of age, (2) were hospitalized for ≥14 days, and (3) had 3 surveillance cultures performed within 7 days before NICU discharge. These surveillance cultures were performed on a single perirectal swab analyzed for the presence of GNB and enterococci and on 2 swabs for S aureus (anterior nares and skin sites).
Microbiology Methods
Each surveillance swab was obtained and placed in a liquid Amies swab-transport system (bioMérieux, Durham, North Carolina, and Becton Dickinson, Franklin Lakes, New Jersey). The swabs were shipped to the core laboratory at Columbia University Medical Center. For this substudy, rectal swabs were cultured on MacConkey agar (Becton Dickinson) to selectively detect GNB (1-2 predominant morphotypes). The Vitek 2 system (bioMérieux) was used for identification and susceptibility testing of GNB isolates as detailed below. Susceptibility results from the Vitek 2 system were unavailable for Pantoea spp., so Kirby-Bauer antimicrobial discs (Becton Dickinson) were used to test this species. Results were interpreted using 2012 Clinical Laboratory and Standards Institute break points for minimum inhibitory concentration (MIC) interpretive standards and zone-diameter break points [11] .
Definition of Antimicrobial-Resistant GNB
GNB isolates were defined as resistant to a selected agent if the MIC or zone diameter was interpreted as intermediate or resistant. Gentamicin-resistant GNB were not susceptible to gentamicin (MIC > 4 μg/ml). For Pseudomonas aeruginosa, third/fourth-generation cephalosporin-resistant P. aeruginosa isolates were not susceptible to ceftazidime (MIC > 8 μg/ml) and/or cefepime (MIC > 16 μg/ml). For non-P. aeruginosa GNB, third/fourth-generation cephalosporin-resistant isolates were not susceptible to cefotaxime, ceftazidime, ceftriaxone, and/or cefepime (Enterobacteriaceae MICs, >1 μg/ml for cefotaxime/ceftriaxone, >8 μg/ml for ceftazidime, and >16 μg/ml for cefepime; Acinetobacter species and other non-Enterobacteriaceae MICs, >8 μg/ml for cefotaxime/ceftazidime/ceftriaxone and >16 μg/ml for cefepime). Carbapenem-resistant GNB were not susceptible to imipenem and/or meropenem (P. aeruginosa MIC, >2 μg/ml; Enterobacteriaceae MIC, >1 μg/ml; Acinetobacter species and other non-Enterobacteriaceae MIC, >4 μg/ml). Potential clusters were identified; clusters were defined as ≥3 antimicrobial-resistant GNB (of any species) collected within 2 weeks of another GNB resistant to an antimicrobial agent in the same category.
Risk Factors for Colonization With Antimicrobial-Resistant GNB
The following risk factors for colonization with antimicrobial-resistant GNB were assessed: demographic characteristics (eg, sex, race), clinical interventions (eg, surgery, mechanical ventilation), and antimicrobial treatment. We evaluated selected agents and selected classes of agents, including (1) the selected individual agents cefazolin, meropenem, metronidazole, and vancomycin; (2) penicillin agents (ie, ampicillin and/or penicillin); (3) aminoglycoside agents (ie, amikacin, gentamicin, and/ or tobramycin); (4) β-lactam/β-lactamase combination agents (ie, ampicillin-sulbactam, piperacillin-tazobactam, and/or ticarcillin-clavulanate); and (5) third/fourth-generation cephalosporin agents (ie, cefepime, cefotaxime, ceftazidime, and/or ceftriaxone). Agents or classes of agents (eg, rifampin) used to treat <5 infants across the 4 study sites were not evaluated.
HAIs With Antimicrobial-Resistant GNB
Clinical samples from the infants were obtained for culture at the discretion of the treating clinicians and processed at the study sites per standard care. Each site's research personnel reviewed the medical records of the enrolled infants for HAIs, which were defined as infections diagnosed by an attending neonatologist at ≥4 days of age and treated with intravenous antibiotics for ≥1 day. The antimicrobial susceptibilities of the GNB associated with HAIs were documented to identify antimicrobial-resistant GNB.
Statistical Analysis
Demographic and clinical variables were assessed as predictors of colonization with antimicrobial-resistant GNB. Treatment regimens of individual agents or antimicrobial classes were explored as predictors of colonization by using continuous (eg, number of days of treatment) and categorical variables. After preliminary modeling of antibiotic utilization parameters, the treatment variables of ≥5 continuous antibiotic-days or ≥10 continuous antibiotic-days showed the strongest associations with the study outcomes compared with other measures of antibiotic treatment (eg, number of days of treatment [data not shown]). Furthermore, treatment courses of ≥5 and ≥10 days are commonly used in clinical practice. We performed the χ 2 test for categorical variables and the Wilcoxon rank-sum test for continuous variables. Variables found to be significant (P < .2) in unadjusted bivariate analysis were selected as predictors for multivariable models. To avoid a problem of colinearity in the multivariable models, if both ≥5 and ≥10 antibiotic-days of treatment with individual agents or antimicrobial classes were significantly associated with colonization in the bivariate analysis, then the duration with the smaller P value was used in multivariable analyses; if both durations had the same P value, ≥10 days was used. Variance inflation factors were calculated for all the models to ensure that the models did not have other problems with colinearity.
In constructing the multivariable models, we did not use traditional regression approaches because each study site had inherent unmeasured differences, and the outcomes of the subjects at the same site might have been correlated and violated independence assumptions made by traditional regression procedures. We attempted to use a random-effects model (conditional model), but the models did not converge (data not shown). Therefore, we used a fixed-effects model, which is a conditional model that can adjust for differences between sites, and we treated study site as a fixed effect [12, 13] . The final models included significant (P < .05) variables. Statistical analysis was performed by using SAS 9.3 for Windows (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Characteristics of Study Infants
During the study period, 3128 infants met the substudy eligibility criteria for surveillance cultures: admitted to the NICU at <7 days of age and hospitalized for ≥14 days ( Figure 1 ). Of these infants, surveillance culture samples were not obtained for 1808: 506 (16%) infants died or had a prohibitive medical condition, social service issue, language barrier, or parental refusal, and 1302 (42%) infants were excluded because incomplete surveillance cultures. Thus, 1320 (42%) infants had complete surveillance cultures and were included in this substudy sample. Infants without surveillance cultures had a shorter length of NICU stay and higher mean birth weight when compared with infants with surveillance cultures from the same study site (data not shown).
The demographic characteristics and length of stay of infants from each site are shown in Table 1 . Differences in demographic characteristics reflected the referral patterns and local catchment areas of the study sites. The proportions of infants (range, 15%-34%) and patient-days (range, 17%-34%) contributed by each site were similar. Surgery, mostly cardiac or GI procedures, was performed at 3 sites (sites 1, 2, and 3). There were no in-hospital deaths among the infants included in this substudy.
GNB Colonization Within 7 Days of Discharge
The GNB isolated from surveillance cultures of samples obtained within 7 days of discharge are shown in Table 2 . Overall, 9% (n = 119) of the infants harbored ≥1 antimicrobial-resistant GNB within 7 days of discharge, and 3.5% (n = 46), 4.5% (n = 59), and 1.7% (n = 23) were colonized with GNB resistant to gentamicin, third/ fourth-generation cephalosporin agents, and/or meropenem, respectively. The proportions of infants colonized with GNB resistant to gentamicin differed among the sites (P < .01). Most antimicrobial-resistant GNB were Enterobacteriaceae, although 10% of the GNB resistant to third/fourth-generation cephalosporin agents were Acinetobacter baumannii or Pseudomonas spp. Among the 119 colonized infants, 7% (n = 8) harbored GNB resistant to >1 antimicrobial category, including gentamicin and cephalosporin agents (n = 4) or cephalosporin and carbapenem agents (n = 3). One infant was colonized with a Klebsiella pneumoniae carbapenemase-producing strain that was resistant to all 3 antimicrobial categories. Of 20 infants who received antibiotic treatment when the samples for surveillance cultures were obtained, 3 were colonized with antimicrobial-resistant GNB.
The largest cluster of antimicrobial-resistant GNB occurred at site 1, spanned 2 months, and involved 10 infants colonized with 11 gentamicin-resistant Enterobacteriaceae species (6 Figure 1 . Numbers of subjects from the multicenter prospective study used in the analysis of infant colonization with antimicrobial-resistant GNB within 7 days of NICU discharge. The study sample included 1320 infants with a complete set of 3 surveillance swabs: 1 swab of the anterior nares for S aureus, 1 swab of the skin for S aureus, and 1 perirectal swab for GNB and enterococci (results of testing for S aureus and enterococci are not provided). Abbreviations: GNB, Gram-negative bacilli; LOS, length of stay; NICU, neonatal intensive care unit.
Escherichia coli, 4 Klebsiella spp., and 1 Citrobacter spp.). This cluster represented 37% of gentamicin-resistant GNB at this site. A smaller cluster occurred at site 2 and included 3 infants colonized with Citrobacter spp. resistant to third/fourth-generation cephalosporin agents.
Factors Associated With Colonization With Antimicrobial-Resistant GNB
Bivariate Analysis
As shown in Table 3 , several factors were associated (P ≤ .05) with colonization with antimicrobial-resistant GNB in the bivariate analysis. Factors associated with colonization with GNB resistant to gentamicin included demographic characteristics (gestational age and birth weight), clinical characteristics (surgical procedures, mechanical ventilation, and length of stay), and antibiotic treatment (≥10 days of third/fourth-generation cephalosporin agents, meropenem, penicillin agents, or vancomycin and ≥5 days of meropenem, β-lactam/β-lactamase combination agents, or vancomycin). Prolonged treatment with aminoglycoside agents was not associated with colonization with gentamicin-resistant GNB. Factors associated with colonization with GNB resistant to third/fourth-generation cephalosporin agents included clinical characteristics (surgical procedures and mechanical ventilation) and several types of antibiotic treatment, including ≥5 and ≥10 days of treatment with third/fourth-generation cephalosporin agents. Factors associated with colonization with GNB resistant to carbapenem agents included female sex and ≥5 and ≥10 days of treatment with meropenem.
Multivariable Analysis
Factors significantly associated with antimicrobial-resistant GNB as determined by multivariable analysis are shown in Table 4 . For colonization with gentamicin-resistant GNB, older gestational age was associated with a decreased risk of colonization, whereas increased length of stay and several types of antibiotic treatment were associated with an increased risk of colonization. For colonization with third/fourth-generation cephalosporin-resistant GNB, surgical procedures and several types of antibiotic treatment for ≥5 days (including treatment with third/fourth-generation cephalosporin agents) were associated with an increased risk of colonization, whereas treatment with cefazolin was associated with a decreased risk of colonization. For colonization with carbapenem-resistant GNB, female sex, increased length of stay, and ≥10 days of meropenem treatment were associated with an increased risk of colonization. A gentamicin-resistant GNB infected 15 of the infants, 7 (47%) of whom were colonized with the same gentamicin-resistant species within 7 days of discharge. A third/fourth-generation cephalosporin-resistant GNB infected 10 of the infants, 3 (30%) of whom were colonized with the same cephalosporin-resistant species within 7 days of discharge. One infant was infected with carbapenem-resistant GNB and was not colonized with a carbapenem-resistant GNB within 7 days of discharge. Among the 87 infants who received ≥10 days of gentamicin, third/fourth-generation cephalosporin agents, and/or carbapenem agents, 14 (16%) were diagnosed with an HAI caused by a GNB resistant to ≥1 of these antimicrobial categories. The remaining infants received prolonged treatment but did not have clinical culture results that were positive for GNB.
DISCUSSION
We prospectively assessed infant colonization at NICU discharge with GNB resistant to selected antimicrobial agents. Overall, 9% (119 of 1320) of the infants were colonized with antimicrobial-resistant GNB at discharge from the NICU; 3.5%, 4.5%, and 1.7% were colonized with GNB resistant to gentamicin, third/fourth-generation cephalosporin agents, or carbapenem agents, respectively, and <1% were colonized with GNB resistant to ≥1 antimicrobial category. We confirmed our hypotheses that prolonged treatment with broad-spectrum agents was associated with colonization with antimicrobial-resistant GNB; ≥10 days of treatment with third/fourth-generation cephalosporin agents or meropenem was associated with colonization with GNB resistant to gentamicin, ≥5 days of treatment with third/fourth-generation cephalosporin agents was associated with colonization with GNB resistant to these agents, and ≥10 days of treatment with meropenem was associated with colonization with GNB resistant to carbapenem agents. It is notable that most prolonged treatment with gentamicin, third/fourth-generation cephalosporin agents, and/or meropenem was not associated with a positive culture result; a minority (16% [n = 14 of 87]) of the infants treated with ≥10 days with these agents had a culture-proven HAI caused by an antimicrobial-resistant GNB.
Others have assessed determinants of colonization with antimicrobial-resistant GNB in the NICU population and found associations similar to those noted in our study. Colonization with GNB resistant to gentamicin, piperacillin-tazobactam, or ceftazidime increased as overall antimicrobial treatment-days or treatment-days with vancomycin, ampicillin, an aminoglycoside, piperacillin-tazobactam, and/or a third-generation cephalosporin agent increased [10] . Among very low birth weight infants, colonization with gentamicin-resistant GNB was associated with treatment with carbapenem agents [7] . Colonization with an extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae species was associated with treatment with third-generation cephalosporin agents or with concurrent treatment with cephalosporin and aminoglycoside agents [14, 15] or vancomycin [9, 16] . Thus, there exists convincing evidence that selective pressure from antimicrobial agents leads to the emergence of resistant pathogens in the NICU population.
In our study, surgery in an infant was predictive of colonization with GNB resistant to third/fourth-generation cephalosporin agents. Although no previous study has identified surgery as a predictor of colonization among neonates, several studies conducted in adults hospitalized in intensive care units have found that surgical procedures increase the risk of infection and/ or colonization with antimicrobial-resistant GNB [17] [18] [19] . In addition, treatment with proton pump inhibitors and/or antacids or impaired intestinal motility among infants who undergo surgery may alter the intestinal flora and potentially promote an overgrowth of pathogenic microorganisms [20] . Complex surgical procedures that involve the GI tract may be associated with other unmeasured confounding such as prolonged periods of intravenous parenteral feeding or exposure to potentially pathogenic microorganisms during surgical procedures. Future studies should evaluate the association of specific types of surgery and colonization with pathogenic microorganisms. We found that female sex was a risk factor for colonization with GNB resistant to carbapenem agents. Female sex was an independent predictor of colonization with ESBL-producing K. pneumoniae during a NICU outbreak of infections caused by ESBL-producing Enterobacteriaceae [15, 21] . The biologic plausibility of these observations is uncertain, but colonization with K pneumoniae may have been a result of the link between GI and genitourinary flora in females.
The optimal strategy, clinical utility, and cost-effectiveness of performing routine surveillance cultures for antimicrobial-resistant GNB are uncertain. Infants hospitalized in the NICU may be colonized with GNB at multiple body sites (eg, the nasopharynx, GI tract, respiratory tract, and skin [3, 5, 22] ). Thus, cultures from a single body site may fail to detect all colonized infants, and point-prevalence cultures do not predict the duration of colonization. In addition, an infant's colonization status may not be detected during antimicrobial therapy or may change after antimicrobial therapy. Finally, surveillance efforts are costly, and it is unclear what interventions should be implemented if colonization with antimicrobial-resistant GNB is detected, because decolonization is not generally feasible. Thus, surveillance cultures for GNB should be limited for use in research, during outbreaks, or in infants who are potentially at high risk (eg, older infants transferred to the NICU) [23] .
With our analysis, we detected a very low rate of gentamicin-and cephalosporin-resistant GNB occurring in temporal clusters, which might suggest few episodes of unrecognized transmission between infants. Although our findings suggest the potential for transferrable resistance determinants among different GNB species [7, 17, [24] [25] [26] , the likelihood that interspecies transfer events had occurred seemed rare, because only 4 infants were colonized with 2 species of antimicrobial-resistant GNB, and only 8 were colonized with 1 GNB species resistant to ≥2 antimicrobial classes. However, molecular typing and identification of resistance determinants of surveillance isolates were not performed, so it is hard to fully interpret our findings.
This study had several strengths. Censoring did not occur among study subjects, because the colonization status was determined at the end of the observation period (ie, at NICU discharge), so there was no differential loss to follow-up based on outcome. Surveillance cultures from the 4 study sites were processed by a core microbiology laboratory, which minimized potential misclassification of the outcomes. Finally, the outcomes assessed in this study were measured at the level of the individual, but because the cohort was drawn from 4 study sites, the findings are likely to be more generalizable than those from a single-center study.
This study also had limitations. More than half of the potentially eligible infants did not have samples for surveillance cultures obtained. The rate of colonization with antimicrobial-resistant GNB during the NICU hospitalizations may be underestimated, because we assessed GNB colonization only within 7 days of discharge; surveillance cultures were not performed at admission or at other time points during the hospitalizations, and the results of clinical cultures consistent with colonization not infection (ie, not treated) were not collected. Only 2 dominant colonial morphotypes per rectal swab were analyzed in the study surveillance samples. Furthermore, we cannot determine if colonization occurred before antibiotic exposure. Some potential predictors of colonization (eg, vaginal vs cesarean-section delivery, breast milk vs formula feeding, duration of parenteral nutrition, treatment with proton pump inhibitors, colonization status of mothers) were not evaluated because these data were not collected in the larger study. Finally, 20 infants were receiving antibiotic treatment when the samples for surveillance cultures were obtained, which may have influenced the detection of antimicrobial-resistant GNB, although 3 of these infants were colonized with antimicrobial-resistant GNB.
In conclusion, the rates of colonization with antimicrobial-resistant GNB at NICU discharge were relatively low but similar among the NICUs and across antimicrobial classes. These findings suggest the potential for dissemination of antimicrobial-resistant GNB from colonized infants when they are discharged to another NICU, the community, or a pediatric long-term care facility [8, 10] . We found potentially modifiable risk factors, the most notable of which was prolonged antimicrobial treatment with broad-spectrum agents used for empiric therapy and not associated with positive culture results. Thus, antimicrobial stewardship efforts that are promoted by the Centers for Disease Control and Prevention and professional societies (ie, limiting broad-spectrum agents, targeting the pathogen, and not treating colonization) could have a beneficial effect on preventing the emergence of antimicrobial-resistant GNB in the NICU population [27, 28] . Surgical procedures were performed at sites 1, 2, and 3.
Notes
